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Streaming of Proteolytic Enzyme Solutions 
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Abstract Tno effective enzymatic digestion of extracellular molrix for the preparation of cell cultures paved fa way to \h 
applicarian for skin treatment and wound debridement,- encouraged by the selectivity observed for the separation of demus 
from epidermts or the removal of necrotic tissue from wound bed without damage to healthy tissue. Proteoses, such as papain 
□nd collagenase, mostly formulated as ointments, were successfully employed for wound debridement, achieved within several 
days of repeated treotmenta. Here, we propose and provide feasibility demonstration of o new mode of enzyme application for 
skin treatment and wound debridement: continuous controlled dreaming of enzyme solutions onto on enclosed treated area. 
The working hypothesis is that the combination of fresh supply of enzymes in optimal working buffer wfth continuous flow wili 
substantially shorten the time required for effective treatment, e.g., from doys or weeks to hours, « well as simplm/ handling 
end processing. The feasibility of enzyme streaming and its efficacy ore demonstrated in targeted selective Intact skin dfcesfion, 
removal of coagulated blood, and debridement of experimental bum wounds in fob animals. Selective skin digestion and bum 
wound debridement with minimal handling were readily achieved within 2 to 3 hours by streaming diluted proteose solutions 
at slow Row rates. This simple and straightforward mode of operation carries potential for the improvement of wound bed man- 
agement. The use of this streaming technique may facilitate delivery oF deeming solutions, enzymatic debriders, or irrigation flu- 
ids for wound bed preparation. 
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v> nzymatic digestion of the intercellular 
i* ' matrix for the separation of mammalian 
j£ cells is a common methodology in the 
»< . *' preparation of primary cell cultures. 1 
This procedure, resulting in suspended 
bolated cells, has been routinely employed for the 
•preparation of cell cultures from a wide spectrum 
;-;of organs, including skin. 1 Some of the proteases 
;used in these procedures were demonstrated to be 
'selective in disruption of the extracellular matrix 
•and adhesion proteins without causing cell dam- 



age. 8 * Furthermore, separation of dermis from epi- 
dermis** 5 and the removal of necrotic or damaged 
tissue from wounds and bums without damage to 
healthy tissue were afco demonstrated.^ These 
observations paved the way to systematic explo- 
ration of the potential inherent in wound debride- 
ment by enzymes. Most of these studies employed 
commercially available enzymes (e.g., papain, 
bromelain, oollagenase, trypsin, thermolysin) with 
only few attempts to identify or develop new 
enzymes, e.g., from the antarctic kr*ll. M 
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Figure 1 . 5tawn tare one tfie component of on enzyme 
streaming system. 





Figure 2. 777/5 photograph demonstrates simultaneous 
six-channel streaming of enzymes. 



Figure 3. Pictured here are histological sections of 
mouse dan treated with streaming of proteases for three 
hours: (A) untreated; (B) papain treated (right side); (C) 
trypsin— bromelain mixture; (D) trypsin {left side); (E) 
pepsin. 



Enzymes tested for effective wound debride- 
ment were mostly formulated as ointments, solu- 
tions absorbed by a wet gauze/ hydrocolloids, or 
hydiogds. 3 * 7 Comparative studies on the efficacy 
of wound debridement by enzyme-containing 
ointments— either animal models or humans— 
indicated efficacy dependency on the enzyme 
employed: While fibrinolysin ointment was found 
ineffective, collagenase ointment gave some 
improvement, and papain-urea ointment was 
identified as most effective from this group."* Pro- 
longed time was required for these treatments to 
deliver significant improvement, ranging from 
four days to three weeks with daily wound treat- 
ments for fresh ointment supply (for the first 4r-7 
days of treatment).* 42 

Hie objective of this study was to test the feasi- 
bility of a new mode of enzyme delivery for akin 
treatment and wound debridement— continuous 
controlled streaming of enzyme solutions onto the 
targeted treated area. Hie working hypothesis was 
that the combination of a fresh supply of enzymes 
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in an optimal working buffer with continuous flow 
would substantially shorten the time required for 
effective enzymatic skin treatment or wound 
debridement. Furthermore, the slightly pressur- 
ized stream would allow homogeneous supply of 
the enzyme to all parts of the treated area and may 
remove cells, debris, and solubilized proteins. 

In this report, the feasibility of enzyme stream- 
ing and its efficacy was studied regarding intact 
skin digestion, removal of coagulated blood, and 
debridement of experimental surgical and burn 
wounds. 

Materials and Methods 

The streaming system was comprised of a feed- 
ing reservoir, connecting tubing, peristaltic pump 
(MP4 Minipulae 3, Gilson, France), a plastic appli- 
cator designed to direct the flow onto the treated 
site, and collecting vessel (Figure 1). 

Animals and tissue samples. The study was 
performed on groups of six 4- to 8-weeks-old 



WOUNDS: A Compendium of Clinical Research and Practice 



Best Available Copy 



t . • '19. SEP. 2005 6:39 WEBB & ASSOCIATES 972 8 9470860 ' NO. 396 



YAAKOB1, ET AL 



(30-40g body weight) male and female white 
mice, on groups of six mature 2- to 3-monfhs-old 

- (200-250g body weight) Charles-River male rats, 
on one adult male Mew-Zealand white (NZW) 
rabbit (3kg body weight), and on pig skin samples 
freshly removed from a large, white, male pig 
(34kg body weight). The mice and rats were anes- 
thetized with O.lmL of 1.25-percent tribro- 
moethanolin saline per lOg body weight and the 
rabbit was sedated by ketamine and anaesthetized 
with thiopenton sodium. The areas to be treated 
on all animals were shaved, and the animals were 
placed on a jack and lifted until the applicator was 
tightened to the surface of the posterio-lateral 
aspect of their backs. The fresh pig skin samples 
were mounted on a plastic O-ring and then fas- 
tened to the applicator. 

Enzymes. All enzymes tested were lyophilized 
powders supplied by Sigma (Sigma-Aldrich 

. Chemicals/ St. Louis, Missouri, USA). The 
enzymes were utilized as received without further 
purification. The effects of the following enzymes 
were investigated: bromelain (B4882, dissolved in 
O.OiM Tris [T1503, Sigma] pH7.5); collagenase 
(C01300, dissolved in 0.1M Tris pH7.6); papain 
(P4762, dissolved in 0.01M phosphate buffer 
pH6.5 containing 5mM L-Cystein [16^14-9,Sigma] 
and 2mM ethylenediaminetetra-acetic acid 
[BDTA] [B9884 Sigma]; pepsin (P7012, dissoved in 
lOmM HC1 pH 2.9); protease type X (Ther- 
molysis P1512 dissolved in lOmM sodium acetate 
{TA948368, MerckJ and 5mM calcium acetate 
IC1000, Sigma}); and trypsin (T1005, dissolved in 
0.01MTrispH8.6). 

Intact skin treatment. Freshly -prepared solu- 
tions were continuously streamed onto confined 
shaved akin surface areas of the anesthetized 
mice, rats, rabbit, or pig skin samples at a flow 
rate of 5 to 6mL/hour for three hours at room 
temperature, after which the animals were sacri- 
ficed and samples for histological examination 
were removed from treated areas. 

Histology. Following the three hours treat- 
ment, the mice and rats were sacrificed with an 
overdose of chloral hydrate (Fluka Chemicals, 
Switzerland), and the rabbit was sacrificed with 
an overdose of thiopenton sodium. Full-thickness 
skin samples (4xl5aun) were removed fox histo- 
logical analysis from the margins of the confined 



area to allow comparison of treated and nontreat- 
ed areas in same slide. Tissue samples were 
immediately fixed in four-percent phosphate 
buffered formaldehyde for 48 hours, processed by 
routine histological procedures, arid embedded in 
paraffin. Serial sections perpendicular to the skin 
surface were cut at 8 micron thickness. The sec- 
tions thus obtained were stained with hema- 
toxylin and eosin for observations. 

Experimental wound models. Thermal burns, 
1 to 1.5mm in depth, were induced by a direct 
contact of a tip of a standard soldering instrument 
for 30 seconds on the posterio-lateral aspect of 
dorsal skin of anesthetized mice and rats as previ- 
ously described. 10 Freshly prepared single or com- 
bination protease solutions were applied by con- 
tinuous streaming onto the wound within one 
hour from injury for 2 to 3 hours at the same flow 
rate aS mentioned above. 

Full-thickness linear fresh cuts were made by 
scalpel on the posterio-lateral aspect of animal 
backs and immediately treated with continuous 
streaming of enzymes for three hours. 

Photographs of treated areas were taken imme- 
diately after treatment and after seven and 20 
days for assessment of the healing process. 

Monitoring of streamed enzymatic activity. 
As proteolytic enzyme solution may lose prote- 
olytic activity due to autodigestion, residual activ- 
ity of enymes employed was routinely monitored 
by in^ritro biochemical assays recommended by 
the supplier. 

Results 

Effect of enzyme streaming on intact skin. 
Controlled streaming of enzymes could be readily 
and conveniently applied as a series of consecu- 
tive treatments using a multichannel pump, as 
demonstrated in Figure 2A* for treatments of six 
anesthetized rats or treatment of six different sites 
on a larger animal (Figure 2B). Effective digestion 
of different skin layers was readily achieved by 
streaming diluted buffered enzyme solutions for 
three hours. The controlled streaming of 2mg/mL 
papain onto mice effected digestion and removal 
of the outer keratinized layer (compare Figure 3A 
to Figure 3B). Detachment of the epidermis from 
the dermis was effected by a trypsin (4mg/mL) 
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and bromelain (5mg/mL) mixture (Figure 3C). 
Controlled streaming of 8mg/mL trypsin solution 
effected complete digestion of the epidermis layer 
(Figure 3D). Streaming of 3mg/mL pepsin result- 
ed in deeper penetration and collagen fiber diges- 
tion (Figure 3E). Streaming of a mixture of 
3mg/mL collagenase and l-5zng/mL thermolysin 
resulted in digestion similar to that shown in Fig- 
ure 3D. 

Similar results were obtained by streaming of 
same solutions on rat rabbit/ and pig skins (data 
not shown). 

Streaming of active enzyme solutions was 
essential to obtain these effects. Streaming of 
buffer solution without enzymes was ineffective. 
Furthermore, streaming of enzyme solution for a 
few minutes to fill the system followed by flow 
arrest also resulted in no visual change. 

The specific activity of all streamed enzyme 
solutions remained stable (>85%) throughout the 
three-hour application period. The minor loss of 
input activity was most probably caused by 
autodigestion. 

Effect of enzyme streaming on experimental 
wounds. Effective removal of fresh blood clots 
was readily achieved by streaming of trypsin and 
collagenase mixture (3mg/mL each) for three 
hours onto freshly made cuts with smooth surface 
cleaning regardless of their shape (compare Fig- 
ures 4A and C with Figures 4B and D). 

Controlled enzymatic streaming for burn 
wound debridement was also readily achieved by 
two hours streaming of several protease combina- 
tions, including collagenase/thennolysan mixture 
(3mg/mL and 1.5mg/mL, respectively) (Figure 
5B), trypsin/papain mixture (4mg/mL and 
2mg/mL) (Figure 5C), and trypsin/collagenaie 
mixture (3mg/mL each) (Figure 5D). 

Debridement with streamed enzymes, e.g., 
papain or pepsin (2mg/mL and 3mg/mL, respec- 
tively), for two hours resulted in smooth healing 
(compare Figure 6A with Figure 6B; photographs 
taken 20 days post-burn induction). 

Discussion 

.The overall objective of this study was feasibili- 
ty and efficacy demonstration of enzyme stream- 
ing for skin treatment and wound debridement as 



an alternative and highly effective mode of 
enzyme application. The working hypothesis was 
that continuous streaming will minimize handling 
and provide higher efficacy and more rapid 
debridement. The continuous fresh supply of the 
enzyme dissolved in solutions buffered for opti- 
mal activity would result in effective distribution 
and access to all parts of the treated area as well as 
in better control of the process. Moreover, the con- 
tinuous stream could help in washing away 
digested material resulting in faster erosion and a 
shortened procedure. This .flow system may also 
allow step-by-step treatment with different solu- 
tions, such as pretreatment with antibiotics, enzy- 
matic digestion, and wound cleaning. 

The feasibility of this approach was demon- 
strated on lab animals by studies on skin treat- 
ment and wound debridement. Our results have 
clearly demonstrated technical feasibility and effi- 
cacy of streaming of enzyme solution. The time 
required for effective treatment was on a scale of 
few hours, substantially shorter than the several 
days/weeks required for treatment with enzyme- 
containing ointments. 

The simplicity of this method carries potential 
for wound bed management by the sequential 
streaming of solutions for softening, cleaning, 
debriding, and washing wounds in order to pre- 
pare them for optimal healing or subsequent 
procedures. 
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Figure 4. These photographs demonstrate effectiveness 
collagenase mixture. 



Figure 5* These photographs illustrate burn wound 
debridement by streamed proteases: (A) untreated; 
(B) collagenase/thermolysin treated; (C) trypsin/papain 
treated; (D) trypsin/collagenose treated. 




Figure 6. These photographs illustrate healing of bum 
wounds debrided by papain: (A) untreated; IB) papain 
treated. 
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